
UNCLASSIFIED

AD 44 41 6 5

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION, ALEXANDRIA. VIRGINIA

UNCLASSIFIED



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



Observations

of the

OWENS VALLEY RADIO OBSERVATORY

C..) California Institute of Technology

Pasadena, California

~C Da', 1964
x.

6. A CATALOG OF LINEAR POLARIZATION
CHARACTERISTICS OF RADIO SOURCES IN THE

WAVELENGTH RANGE 10 to 21 CM

by

D. Morris and G. L. Berge

DDC

DDC-INA D



A CATALOG OF LINEAR POLARIZATION
CHARACTERISTICS OF RADIO SOURCES IN THE

WAVELENGTH RANGE 10 to 21 CM

by

D. MORRIS AND G. L. BERGE

ABSTRACT

A list of linear polarization measurements for 66 radio sources
is presented. It includes values for 39 sources not previously re-
ported on, plus a more complete set of values for the sources pre-
viously described (Seielstad and Wilson 1963; Seielstad, Morris and
Radhakrishnan 1963; Morris, Radhakrishnan and Seielstad 1964c).

The conclusions reached by Seielstad, Morris and Radhakrishnan
(1964) and Morris and Berge (1964) are examined with the use of the
additional data.

Of these sources, approximately 40 have been examined at three

different wavelengths (10, 18 a-nd 21 cm) and for those with ap-
preciable polarization in this range the dependence of polarization
on wavelength is given. The relationship between the major axis
position angle and the intrinsic polarization angle of double radio
sources is discussed.

I. INTRODUCTION

Seielstad, Morris and Radhakrishnan (1964) have summarized the
linear polarization characteristics available for 30 radio sources.
Several of these, .as well as many new sources, have recently been
examined for linear polarization with the primary aim of establishing
reliable rotation measures for a large number of sources. The pre-
sent paper describes these measurements. We now have rotation
measures for 16 of the new sources, as well as improved values for
some of the previously reported sources. Preliminary values of most
of these rotation measures have already been published (Morris and
Berge 1964), and in this paper we include the measured polarizations
from which these values were deduced. There is also a short dis-
cussion of the wavelength dependence of the polarization.

II. OBSERVATIONS

The measurements were made with the interferometer at the Owens
Valley Observatory. An antenna separation of 100 feet east-west
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was used for the observations at 21.6, 18.0, and 10.3 cm. A third
of the 21.2-cm observations were made at 200 feet east-west se-
paration and the rest at 100 feet east-west. The sources observed
were chosen from the most intense in the list of Kellermann (1964),
on the basis that they would not be appreciably resolved by the
interferometer and that their positions were known to within + 2
minutes of arc. The weakest sources examined have a flux density of
.4 F.U. at 21 cm, but the majority have flux densities in excess of
6 F.U.

_ Tho saational te c hn ique has been -desc-ribed _prev i-o-u-sly-...-(--Mosrr-i~s- Iadhak-rishna -and Sehie-ltad 19 6 4a). The sOu-ces CA s A

Cyg A, M 87, Orion A, Hydra A, M 17 and CTB 31 were used for cali-
bration of the instrumental polarization on the assumption that
they themselves were not polarized. At 10-cm wavelength, errors
of ! 0.5% may arise, since Cygnus A shows polarization at this
wavelength (Mayer, McCullough and Sloanaker 1964). In the case of
M 87, at 21 cm and 18 cm, the polarized halo can cause incorrect
calibration at an antenna separation of 100 feet east-west (Morris,
Radhakrishnan and Seielstad 1964b). Hence for this separation, M 87
has been omitted from the calibrators used at these wavelengths.

At 21.2 cm and 18.0 cm, conventional crystal Mixers were used
on each antenna of the interferometer, but at 10.3 cm one of the
crystal mixers was preceded by a parametric amplifier. The obser-
vations at 2.1.6 cm utilized a travelling wave maser. In all cases,
the receiver b-andpass included the two sideband-s which were spaced
10 Mc/s on each side of the quoted frequency of observation. In

iV most cases each source was observed for up to 8 hours at each wave-
length, although when the maser was used this time was reduced sub-
stantially, even for the weakest sources studied.

Table 1 contains the measured fractional polarization and the
position angle of the electric vector for each source. It includes
all the measurements for previously unreported sources, as well as
a more complete set of values for those sources described by Seielstad
and Wilson (1963), Seielstad, Morris and Radhakrishnan (1963) and
Morris, Radhakrishnan and Seielstad (1964c). (These previous
measurements used an antenna separation of 200 feet east-west at
21.2 and 18.0 cm and both 100 and 200 feet east-west at 10.6 cm.)
With the exception of the initial work of Morris and Radhakrishnan

(1963) and the work on resolved sources reported in Morris, Rad-
hakrishnan and Seielstad (1964b), the results of all polarization
observations made at the Owens Valley Observatory are contained in
Table 1.

The position angle of the electric vector has not been cor-
rected for the effects of ionospheric Faraday rotation. The errors
quoted (standard deviations) are the random errors due to receiver
noise, and any systematic errors will probably be a few tenths of
one per cent. The principle systematic errors will be due to in-
correct calibration of the instrumental polarization ( in the

neighborhood of Cygnus A, for example), incorrect antenna pointing,
and the effects of confusion. The latter will be most severe at
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21 cm where the r.m.s. confusion level is e 0.2 F.U. (Kellermann
1964), and if we can assume that this exhibits - 5% linear polariza-
tion on the average, then the spurious polarization will amount to
! 0.25% of the weakest source observed (4 F.U.).

In Table 1 the antenna separation is specified for each entry.
If measurements have been made at both separations then the two are
listed separately. However, there should be no difference between
the two or between these and single-antenna measurements unless there
are resolution effects present. In no insta-nce is the visibility
amplitude known to be less than 0.70, but in several cases it is
below 0.85. Such measurements may show resolution effects.

III. ANALYSIS OF THE OBSERVATIONS

From the observed values of fractional polarization and pre-
ferred direction of polarization given in Table 1, values have.now
been calculated, in the manner of Seielstad, Morris and Radhakrishnan
(1964), for the rotation measure, intrinsic polarization angle, and
mean depolarization rate in the interval 10-21 cm for all sources
for which we have sufficient data. The calculated values are
given in Table 2, together with some of the information on the
source identifications currently available.

a) The Rotation Measures

Preliminary values of rotation measures have already been
published in a previous communication (Morris and Berge 1964), and
Table 2 cont-ains value-s for an additional 4 sources--3C 88, 3C 231
(M 82), 3C 272.1 (M 84) and 3C 430, and also a revised value for
3C 287. In two cases (3C 219'and 3C 330) there are uncertainties
in the choice of the correct rotation measure and this has been
indicated in the footnotes to Table 2. The general conclusions of
Morris and Berge (1964) remain unchanged.

It seems that the analysis in terms of rotation measures does
not account for all features observed in some sources. The rotation
measure for Cygnus A has been known to be anomalously large for
some time (Mayer, McCullough and Sloanaker 1962) and it has been
suggested that a large part of the rotation can be attributed to the
interiors of the components (Seielstad, Morris and Radhakrishnan
1963; Haddock and Hobbs 1963). According to recent measurements
(Haddock and Hobbs 1963), the relation between position angle and
wavelength squared is not linear but contains sharp features or
discontinuities. We find that 3C 345 may be similar in that it,
shows evidence of an anomolous rotation curve. Figure lb displays
the measured position angle of the electric vector plotted against
the square of the wavelength. The long wavelength observations
seem to define a definite straight line which does not however,
pass through the 3.75-cm point -(Haddock and Hobbs 19631. This
may be of importance in connection with the orientation to be at-
tributed to the magnetic field within the double radio sources.
This point is discussed later.

iI
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b) The Wavelength Dependence of Fractional Polarization

Seielstad, Morris and Radhakrishnan (1964) have suggested that
the observed variation of polarization with wavelength is due to de-
polarization by Faraday rotation within the sources themselves.
This suggestion was based on an inverse correlation between polarita-
tion and magnetic field strength (or emissivity) and a possible
correlation between depolarization rate and magnetic field (or
emissivity). It is unfortunate that for the majority of the
a-dditional sources in Table 2, little or no information is a-t pre-
sent available on their emissivity. Emissivities are.known for
only 4 of these sources and consequently the conclusions of

_Seielstad, Morris and Radhakrishnan are unaffected.

In the case of Cygnus A it'has been shown (Mayer 1963; Haddock
and Hobbs 1963) that the fractional polarization does not decrease
uniformly with increasing wavelength, but that in some wavelength
ranges the polarization increases as the wavelength is increased.
This behavior, together with the sharp features in the rotation
curve, has been explained as an interference effect produced by
the differential Faraday rotation in the two components of the
source acting on the polarized radiation from these two regions
(Haddock and Hobbs 1963). kccording to this picture, at some
wavelengths the contributions from the two components are polarized
parallel to one another and augment the total polarization, while
at other wavelengths they are orthogonal and subtract to result
in a reduced total polarization.

A few of those sources with detectable polarization at 21 cm
show evidence of related behavior. In the wavelength interval
10-21 cm, the majority of sources exhibit a decrease in polarization
with increasing wavelength (as indicated by a negative value for

0(lOg0 m)/b%),but in some cases the reverse is observed. The
experlfmental uncertainties are sufficiently large that any finer
detail will go undetected, but doubtless will be found when more
accurate measurements are available. The sources with positive
values of .6(loglO m)/tX include 3C 33, 3C 78, 3C 286, 3C 454.1
and 3C 345. The latter source shows a quite pronounced effect
(Figure la) and, as previously mentioned, exhibits an anomolous
rotation curve.

IV. THE ORIENTATION OF THE MAGNETIC-FIELD
WITHIN THE "DOUBLE" SOURCES

It has been pointed out (Gardner and Whiteoak 1963) that the

intrinsic polarization angle will differ by 900 from the mean
direction of the magnetic field within the radio sources. This
mean must allow for the- distribution of brightness over the face

of the source, and of course it is assumed that the observed
radiation arises by the synchrotron mechanism. Gardner and Whiteoak
(1963) found from a study of their data on the "double" sources

[i that the difference in angle between the intrinsic polarization
angle and the major axis, which we denote by 0, had a distribution

91
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with concentrations at 0 and 900. They were therefore led to
suggest that two distinct field orientations, differing by 900,
are to be found among the double radio sources,

Gardner and Davies (1964), on the other hand, have found
values of O s 00 for the triple source MSH 13-33 and conclude that
the magnetic field in the radiating regions of the source must be
perpendicular to the major axis. They propose that this field orien-
tation arises when the galactic or intergalactic field is compressed
and carried outward from the parent galaxy by the two clouds of
plasma ejected in opposite directions at the birth of the source.
In addition, it was further proposed that this mechanism operates
in all the double radio sources and that any deviations of ' from
Oe are to be attributed to the operation of t-he rdOm i-f -

of irregularities in the intergalactic medium into which the radio
sources are expanding. Presumably such influences will become more
effective as the source expands and ages.

However, the data of Seielstad, Morris and Radhakrishnan (1964)
show a pronounced concentration of the values of 0 at 900 and it
is difficult to attribute this to random effects. In addition, it
is the sources with large brightness temperatures (presumably
young sources) which have 0 d 900. This is illustrated in Figure 2,
where the values of 0 are plotted against brightness temperature
as determined for a wavelength of 21 cm. These temperatures were
calculated by the method of Maltby and Moffet (1962), using their
angular size data and the flux density data of Kellermann (1964).
The values of ¢ are listed in Table 2. They are taken mainly from
Seielstad, Morris and Radhakrishnan (1964). The value for 3C 219
is derived from new data, the values for MSH 13-33 are from
Gardner and Davies (1964) and the value for the outer components
of Cen A has been estimated from the measurements of Cooper and
Price (1962). It appears that 0 = 0 (for which the average mag-
netic field in the radiating regions is perpendicular to the major
axis) is only observed in the low-brightness sources and that the
high-brightness sources have their fields parallel to the major
axis. The cross-over from one to the other occurs at a 21-cm
brightness temperature of about 10000 K.

Although it may be that the magnetic field configuration does
differ by 900 between high and low-brightness temperature sources,
there are alternative explanations. One possibility is a model
whose field configuration is valid for all double sources, in
which each component of the source contains a region with its
magnetic field predominantly perpendicular to the major axis and
another region in which the magnetic field is aligned parallel to
the major axis. The former region then corresponds to that pro-
posed by Gardner and Davies (1964) and is characterized by relatively
large fields and high-particle densities. The second region can
perhaps be identified with the magnetic lines linking the former
region with the parent galaxy. It is characterized by smaller
field strengths and lower particle densities and hence exhibits
much less Faraday rotation.
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According to such a model, in the case of low-brightness
sources no appreciable Faraday depolarization takes place in any
part of the source at wavelengths between 10 and 21 cm. The regions
described by Gardner and Davies (1964) are dominant in these cases
because of their higher emissivity and thus should be responsble
for the observed linearly polarized radiation. Hence the measured
value of'O is 00. At very short wavelengths, the high-brightness
sources will behave in an identical manner. However, as observa-
tions are made at successively larger wavelengths, Faraday depolari-
zation and possibly differences in spectral index will, at some
critical wavelength, ensure that the region of Gardner and Davies
is no longer dominant as far as the polarized flux density is con-
cerned. Consequently the polarization vector will rapidly rotate
through 900. Fr-om thi po-it oad rd, 7p lii.
originates predominantly in the second of-the above regions, where
there is still little Faraday depolarization. Consequently, if
measurements of the direction of polarization made at wavelengths
in excess of the critical wavelength are extrapolated back to zero
wavelength, a value of 900 will be obtained for 0.

If this model is correct, the high-brightness temperature
sources should exhibit a rapid depolarization associated with a
"flip of 900 in the plane of polarization at short wavelengths.
Cygnus A and 3C 345 may be such cases judging from their anomalous
behavior at short wavelengths. However, it is not known whether
3C 345 has a high brightness temperature. In addition, at decimeter
wavelengths the polarized emission of high-brightness sources
should be more concentrated toward the central galaxy, relative to
the unpolarized emission, than for low-brightness sources.

We wish to thank G. J. Stanley, Director of the Owens Valley
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from stimulating discussions with V. Radhakrishnan and also with
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publication. J. D. Wyndham and G. A. Seielstad we thank for help
with the observations and likewise we thank J. F. Bartlett for
assistance with the data reduction. The travelling wave maser
used at 21.6 cm was donated by Bell Telephone Laboratories, Inc.
and we thank Charles L. Spencer for assistance in its operation.
The radio astronomy program at the Owens Valley Observatory is
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Table 1

Linear Folar-iia-ion in the Wavelength Range 10-21 a',
(Antenna Separation 100 ft E-W Unless Otheirwise Indicated)

K

. . .. Sou-r-ce-. -2-1- 6 cm -2- -cm- - r8-O~iii - - O--6 m - O03 --__

-~~~~~~~~~- -A--PA.* PA.PA -PA

MOO-210 0.6±0.5 1580±250 0.510.5 1770+240

3C 10 1.1 0.2 162' 5'

3C 20 1.8 1.0* 1260 150*

MOO-222 0.6 0.3 i750 130 2.1 0.8 1030 110 2.0±1.11 1540±210

3C 27 6.0±1.0 118°z 50 5.2 0.6* 1240 30* 5.3 1.1 170 60 7.6 0.6 1240 30

3C 33 7.7 0.7* 620 30* 7.2 0.6* 720 50* 8.0±1.3 880± 70
4.9 1,8* 960 100*

3c 48 0.6 0.6 1540 280 2.2 1.8 440 250 3.4 1.0* 750 100*
0.7 0.6* 1620 250*

3c 62 7.6 0.6 1310 30 3.6 1.6* 1300 170* 6.2 1.0 1280 60 8.4 1.1 860 40

3C 78 2.9 0.9* 1090 90* 2.5 0.6 114' 70 2.3 1.7 850 140

CTA 21 0.2 0.5 860 720

3C 84 0.8 0.6* 370 210* 1.0 0.7* 1720 200* 1.5 1.0 1020 k0
802.8 2.2* 1250 220*

C 81490 60 2.2 0.7 750 80 6.2 0.6 h20 " 10

3C 88 4.0 0.6 1290 50 2.4 2.0* 1000 240* 6.1 0.6 1210 30 2.3 1.1 870 110

3C 98 4.6 1.0* 620 60* 5.8 0.6* 160 50* 7.0 2.8 111 110

3C 111 0.7 0.4 940 170 2.2 0.6* 920 90* 2.1 0.4* 1200 80* 3.3 1.8 13.60 140

3C 119 0.6 0.6* 360 370* 0.4 0.9 116 ° 670

3C 123 0.5 0.3 1770 160 0.4 0,3* 690 5O
0.5 0.4" 680 240*

3C 138 6,8 0.4 1660 20 7.8 5.5* 1700 190* 6.8 5.0 1690 21 °  8.,2 0.1 160 30

M05-36 3.5 0.2 920 20 2.1 0.4 950 60 2.1 0.3 860 30 )1 0.T. 720 30

3C 1114 a  1.3 0.i* 880 10* 1.8 0.1 1070 10 3.9 0.2 3'2I- &'
1.8 0,3* 950 50*

3C 147 0,6 0.3 1730 100 0.7 0.3 1130 140 '0,9 0.9 10110 18 °  1-o , 6 3al
0.2 0.5* 1380 570* 0.7 1,2* 98 o 46- "

kh..



Table 1 (continued)

Source 21.6 cm 21.2 cm 18.0 cm io.6 cm 10.3 cm

P.A. % P.A. % P.A. % P.A. % PA.

3C 161 6.3±0.3 200+ i
°  

9.2±0.3 1250+ 10 6.1±0.6 161': 50 10.0&0.2 1590± 1
0

5.8 0.5* 290 30* 9-0 0.7* 1220 50* 9.5 1,.2* 1680 50*

- ,
- 

3C1 
I

- 3 
-  

0
- 7

o
+U -  

- -- __ -°--J_
-  

__- -

3C 192 3.3 0.4 1190 40

3C 196 0.4 0.2 1340 110 1.0 0.4 1500 140 0.4 0.3 1070 220 1.8 1.2 850 110 2.4 0.4 710 50
0.4 0.5* 1550 38

°
* 1.0 1.3* 950 340*

M08-219 1.9 0.4 480 70

3C 2 1 8b 0.4 0.2* 1240 14°* 1.2 0.2 120 4'

3C 216 1.0 0.5 960 120

3G 219 2.9 0.3 990 30 3.0 0.3 1140 30 3.2 0.5 1250 50 3.3 0.9 1270 90

3C 227 4.6 0.3 1470 3 4.5 o.6 1540 40 3.9 2.0 1530 160 4.4 0.8 14)94 60

3C 231' 0.3 0.6 840 500 0.9 0.3 1440 100 0.4 0.5 1000 360 3.5 1.3 350 iI

3C 237 1.3 0.6 90 100 2.1 1.7 1640 200 0.9 1.0 96
° 

260

mil1-118 2.7 0-.3 1580 30

3C 272.l
d 

2.3 0.5 1206 70 2.7 0.4 1200 50 3.3 0.5 1460 5
°  

7.1 0.8 1400

3C 273 2.2 0.2 1580 30 3.0 0.4 1 6 4  30 3.4 0.3 1470 40 2.5 04 1, h 5o
2.2 0.1* 1620 20* 2.4 0.5* 1780 70*

30 2 714e 0.5, 0.1 1380 70 0.9 0.8 1480 220
0.3*

3C 278 3.6 0.3 1580 20 3.5 0.5 1630 40 5.4 1.0 1720 40 9.2 1.5 70 )10

3C 279 6.6 0.4 1490 20 5.1 0.3 152 20 6.3 0.5 1380 30' 59 0.k 9o no

3C 286 9.3 0.5* 320 20* 8.7 0.7* 340 50* a.5 1.2 300 50

8.5 1.1* 280 40*

3C 287 0.6 0.5 40 230 1.5 0.9 100 140 1.9 0.'6 720 80 3.9 1.0 1080 70

3C 295 0.2 0.2 1780 220 0.3 0.5 1620 490 0.4 2,0 70 1560 1.3 0.7 750
0.5 0,5* 1600 270*

3C 298 0.7 0.3 172' 110

3C 310 0.4 0.4 1690 240 1.6 0.8 490 160 2,6 0.8 35 ii

3C 317 0.5 0.3 720 170



Table 1 (concluded)

Source 21.6 cm 21.2 cm 18.0 Cm 10.6 cm 1003 cm
P.A. % P.A. % P.A. p.A. P.A.

3C 327 4.9±0.3 20± 20 3.7±1.6* 70±140*

3C 330 3.1 0.5 1600 40 4.5 0.4* 1716 30* 4.3±1.0 1550+ 70

- :--3c4.5- -5.9- 0.5- 9 7°  20 65.28 o.-6 o o -. 0. 7- 36 4.8 0.9 580 60

3C 348 f  
1.4 0.4* 590 80* 2.1 0.4* 520 40* 6.3±0.9 31± 70

30 353 2.9 0.4* 0°  40* 3.8 0.5* 1650 60* 6.7 0.6 1140 50

3C 358 0.8 0.3 570 110 1.1 0.4 700 110 0.8 0.9 1170 340 0.6 0.7 210 320

3C 380 0.7 0.2 690 70 1.4 0.7* 720 14e  1.6 0.5* 340 90* i.O 0.8 210 240

3C 386 1.9 0.3 960 40

30 390 1.5 0.3 920 50 1.0 0.8 1290 270 3..4 1.5 1000 100

30 391 0.7 0.3 1280 130 0.4 0.3 1320 240 1.3 0.3 270 70

m19-46 O.A 0.5* 90 300* 0.4 0.5 750 370 6.0 2i0 1600 90

3c 403 3.5 0.3 1370 30

3c 409 1.1 0.4 1780 80 1.2 0.5 1060 130 0.4 0.8 240 650

30 4-10 2.7 0.4 1:26 ° 50 2.8 0.4 1510 40 2.5 0.4 a400 60 3.3 1-0 330 90

M21-21 1.4 0.3 340 80 0.9 0.6 1610 180

3C 430 3.2 0.5 640 40 2.1 1.7" 770 200* 2.1 1.2 200 160" 4.9 1.o 430 70

3C 433 4.7 0.6* 1500 4° * 6.9 0.9* 260 70* 5.4 .2 _1210 70
6.3 2.3* 1230 100*

3c 444 2.7 0.5 80 40 2.9 0.5 1600 50 0.7 0.6 980 19°

0.7 0.5* 1770 200*

30 446 5.2 0.5 1130 30 4.1 0.5 1360 40 h.2 1.2 1770 70

CTA 102 4.8 1.o 1060 60 3.7 0.5 1100 40 5.2 0.3 1550 20 5.7 0.5 180 ,,0

30 452 5.5 0.9* 230 50*

30 454.1 7.3 0.7* 650 30* 6.7 0.4 1030 20 5,9 0.7 1620 30

*Antenna separation 200 ft E-W. d) M 84
a) Crab Nebula e) Virgo,-A (M 87)

b) Hydra A f) Hercules A

c) M 82
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Figure 1. Measured polarization in 3C 3115 as a function

of vavelength squared.

(a) Fractional. polarization versus wavelength squared,

(b) The position angle of the electric vector versuswavelength squared.
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Figure 2. The difference in position angle between the
intrinsic polarization angle and the major axi3i
of the double sources plotted against the logarithm
of the brightness temperature at 21. cm.


